Many migrating animals, belonging to different taxa, annually move across the globe and cover hundreds and thousands of kilometres. Many of them are able to show site fidelity, i.e. to return to relatively small migratory targets, from distant areas located beyond the possible range of direct sensory perception. One widely debated possibility of how they do it is the use of a magnetic map, based on the dependence of parameters of the geomagnetic field (total field intensity and inclination) on geographical coordinates. We analysed temporal fluctuations of the geomagnetic field intensity as recorded by three geomagnetic observatories located in Europe within the route of many avian migrants, to study the highest theoretically possible spatial resolution of the putative map. If migratory birds measure total field intensity perfectly and take the time of day into account, in northern Europe 81% of them may return to a strip of land of 43 km in width along one of coordinates, whereas in more southern areas such a strip may be narrower than 10 km. However, if measurements are performed with an error of 0.1%, the strip width is increased by approximately 40 km, so that in spring migrating birds are able to return to within 90 km of their intended goal. In this case, migrating birds would probably need another navigation system, e.g. an olfactory map, intermediate between the large-scale geomagnetic map and the local landscape cues, to locate their goal to within several kilometres.
Introduction
Many animals regularly perform long-distance movements for hundreds and thousands of kilometres, which allows them to successfully exploit seasonally available resources in the areas where survival during some part of the annual cycle is problematic or impossible [1] . Probably most widely known are migratory birds, but long-distance movements have been reported for a wide array of other taxa, e.g. fish, sea turtles [2] [3] [4] , cetaceans [5] and even insects [6] [7] [8] . Many longdistance migrants show fidelity to their natal, breeding or non-breeding sites [9] , which clearly demonstrates that they possess the ability to locate a rather compact goal from a large distance, beyond the possible range of direct sensory perception. This ability is usually called true navigation [10] .
Two hypotheses explaining the mechanism of true long-distance navigation are currently most commonly discussed: the chemical hypothesis, which suggests that the map is based on the distribution of volatile substances in the atmosphere [11] or of soluble substances in the ocean for marine animals [12, 13] ; and the geomagnetic hypothesis that assumes that animals use the geomagnetic field parameters [14, 15] . The physical basis of chemical map is currently less than obvious, even though research is being done in this respect [16] . Conversely, the physical parameters of the geomagnetic field, including their spatial dependence and temporal variation, are well known [17] .
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The geomagnetic map hypothesis assumes that migrating birds make use of the gradient map, as opposed to the mosaic map [18, 19] , based on the dependence of the parameters of the geomagnetic field-total intensity and inclination-on geographical coordinates. Most generally, both these parameters vary from the magnetic poles to the magnetic equator. Total intensity peaks near the poles (about 60 000 nT) and reaches a minimum (about 30 000 nT, locally down to 24 000 nT) near the equator. Inclination is the angle between the horizontal plane and the direction of the magnetic vector and it is a priori equal to þ908 at the northern magnetic pole and -908 at the southern magnetic pole, and it is equal to 08 at the magnetic equator [17] . This is however just a very general pattern; in reality isolines of total intensity (isodynamic lines) and of inclination (isoclines) are not strictly parallel to geographical parallels and to each other. In some regions, e.g. in southern Indian Ocean, isodynamic lines and isoclines form a grid that can theoretically be used for purely magnetic navigation along the two axes (north-south and east-west), whereas in other large regions, e.g. in southern North America or in Australia, they run parallel to each other and provide no positional information along one of the axes (east-west) [20] . It means that geomagnetic map based on gradients of total field intensity and inclination can be used for bi-coordinate navigation in some regions, but not everywhere on the Earth. In many areas the second axis has to be provided by an additional cue. One theoretical possibility is to measure the angle between the magnetic north and the geographical north (magnetic declination), which is potentially an additional powerful positioning tool. At least migratory birds may theoretically use declination, because they are known to possess both celestial compass(es) for detecting the geographical north and a magnetic compass for the magnetic north [19] . However, the actual ability to detect magnetic declination and to use it in a map-related context remains to be demonstrated experimentally in any animal.
The ability of birds and sea turtles to perceive both total intensity and inclination of Earth-strength magnetic fields has been shown experimentally [21] [22] [23] [24] . If birds [25] , sea turtles [15, 26, 27] , possibly also salmonid fishes [28, 29] and other long-distance migrants use the geomagnetic field for position finding, the question inevitably arises: what is the possible accuracy of the geomagnetic map? Migratory birds are known to be able to return to their natal, former breeding or wintering sites to within several kilometres [9] . Can spatial and temporal variation of the geomagnetic field alone enable this accuracy of position finding, or does it demand using some additional mechanisms?
To return to their breeding site, migrating birds should measure total field intensity before departure and remember the value; next spring they would try to locate the site corresponding to that value by measuring the geomagnetic field total intensity. The uncertainty of site finding is contributed by three factors. Firstly, it is uncertainty of measurement of the field before departure. Secondly, it is the regular annual change of the geomagnetic field during the period between the time of imprinting of the breeding site before departure and the time of arrival in spring. Thirdly, it is uncertainty in position finding.
In this work, we analyse the limitations imposed on magnetic navigation precision by temporal fluctuations of total intensity of the geomagnetic field. We use the archived data on variation of the Earth's magnetic field during the period of 1991-2015. The data were collected in three sites in Europe along the usual route of avian migrants. The purpose of the investigation was to find out the highest possible precision of the magnetic map which birds (or any migrating animals) can in principle achieve.
Material and methods

Sources of the data
The data on Earth's magnetic field variation were obtained by the INTERMAGNET [30, 31] The observatories collect three components of vector of Earth's magnetic field every minute with magnetometers, which achieved a precision of 0.1 nT. Records from each of the magnetic observatories since 1991 up to now are stored on WWW-servers of INTERMAG-NET and they are available for analysis. The clocks of observatories are synchronized, and time stamp of each measurement is in Coordinated Universal Time (UTC), which for the purpose of this investigation corresponds to Greenwich Mean Time (GMT). The solar (local) time in Nurmijärvi is UTC þ1 h 40 min, in Hel it is UTC þ 1 h 15 min, in Chambon-la-Forêt it is UTC þ 10 min.
The second source of the analysed data was World Magnetic Model-2015 [32, 33] , which provides information on mean values of parameters of magnetic field on the surface of the Earth for the epoch 2015 -2020. This source was used to analyse gradients of the total field intensity (see §2.4).
The map of magnetic field of the Earth in Europe and positions of the observatories are presented in figure 1.
Mathematical model of temporal dependence of the Earth's magnetic field
In figure 2 , the total intensity of the Earth's magnetic field B(t) at the location of NUR observatory during the period from the beginning of 1991 to the end of 2015 is presented: the red line shows fluctuations between daily minimal and maximal values while the blue line is the daily average values. Based on this plot, we can separate at least three components of the total intensity B(t), which is recorded by the observatory 
Methods of statistical analysis
Autocorrelation function C(Dt) of the fluctuations N(t) was calculated for the whole period of 25 years
NðtÞNðt þ DtÞ dt, ð2:3Þ
where Dt was chosen from 0 to 5 days with step of 1 min. The plot of C(Dt) is shown in figure 3a . Obviously, there are two types of correlations, which correspond to two modes of magnetic field fluctuations. The correlations of first type are caused by daily rotation of the Earth. They are regular and, possibly, oscillating. Their autocorrelation function consists of two cosine functions with periods of one day and half a day. Since the position of Sun with respect to the zenith and nadir influences these regular fluctuations, they are linked to the phase of the rotation of the Earth, i.e. to the local solar time at the site of the magnetic observatory. The physical reason of these regular changes is the solar wind, which interacts with the magnetic field and atmosphere of the Earth differently on the dayside and nightside hemispheres [34] . This part of autocorrelation function is seen very clearly for Dt . 3 days, and it continues for a long time, months and longer (not shown in figure 3a ). The correlations of second type are random. This part of autocorrelation function has the form of exponential decay with oscillations. In this work, the autocorrelation function was approximated by four functions (figure 3b)
Here, time Dt is measured in days. Decay time T 3 is equal to 0.75 day (18 h) and T 4 is equal to 0.08 day (about 2 h). Such fluctuations are slow when compared with the period of time during which migratory birds should measure and, possibly, over which they should average the values of total field. Dispersions of these fluctuations (a 3 ¼ 270 nT 2 . Fast correlations with the decay time of a few minutes are weak, their dispersion is negligible.
As N(t) is a random variable with observed values r i ¼ N(t i ), which are stored in the analysed files, it was possible to estimate its probability density p(N ). A priori we should not assume normal (Gaussian) distribution of the noise. Moreover, probability density functions may be different at different times of year: close to June and December solstices, around spring and autumn equinoxes. We analysed fluctuations separately for three periods: the period of spring migration April-May, summer (imprinting) time July -August, and the autumn migratory period September -October. Lengths of the periods were 61 -62 days; the number of years was 25. Taking into account regular oscillations during a day, it is useful to calculate probability density p h (N ) for different time h of the day. In this work, 24 different functions p h (N) were calculated for each hour during the day (using UTC, but not the local time): p 0 (N ) was calculated for data between 00.00 and 00.59 UTC, p 1 (N) was calculated for data between 01.00 and 01.59 UTC, and so long. Figure 4 summarizes how to select proper time periods to calculate probability density functions. Example of the probability density functions are shown in figure 5a.
Probability P to find realization of the random variable N in the range from N 1 to N 2 around the most probable value N 0 is calculated as
ð2:5Þ
If the values are chosen as N 1 , N 0 , N 2 and p h (N 1 ) ¼ p h (N 2 ) then P . 100% of all measurements fall inside the range [N 1 . . . N 2 ] around the most probable value. Illustration of how to find these ranges for P ¼ 50% and P ¼ 90% is shown in figure 5b.
Spatial distribution of the magnetic field, its gradient
The World Magnetic Model-2015 [32, 33] provides data on mean (expected) values of certain parameters of the geomagnetic field in past and future (until 2020 with a step of 1 day) all around the world. These data do not include random variation but rather include regular yearly changes of the parameters of the field. In this work, the distribution of the total magnetic field was analysed to calculate its gradient. The values of the intensity were obtained on 1 January 2015, at the site of each observatory and in the positions + 18 along circle of latitude ( parallel) and meridian from the site. The differences of the values along parallel and meridian allow us to estimate gradient in the units of nT/ 8 and recalculate them in Cartesian coordinates in the units of nT km 21 taking into account length of the arc of 18 along parallel and meridian. Along meridian this length is 111.1 km, but along the circle of latitude it is 111.3 Â cos(u) km, where u is the latitude. For instance, in Nurmijärvi it is 54.8 km, in Hel it is 64.5 km, in Chambon-la-Forêt it is 74.4 km.
In Nurmijärvi, the components of the gradient are 237.4 nT/8 along the meridian (2.14 nT km 
Results
Total field intensity in Nurmijärvi
In Nurmijärvi, total intensity of the geomagnetic field between 1991 and late 2015 grew on average by 32.5 nT per year (figure 2). The gradient of the total magnetic field is 2.50 nT km 21 and directed at an angle 31.38 from the meridian to the NE. Growth of the intensity leads to shifting the isodynamic line by 13 km per annum towards the southwest. rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20161002
In figure 6 , the plots of daily behaviour of the most probable value N 0 , bounds of ranges (N 1 and N 2 ) for P ¼ 50% and 90% are shown for the spring (figure 6a), summer (figure 6b) and autumn (figure 6c) periods in Nurmijärvi. The graphs show that during a major part of the day (from 14.00 to 05.00 UTC including nighttime) the value N 0 changes weakly, but from 06.00 to 13.00 UTC the value decreases and reaches its minimum at 09.00-10.00 UTC, which is close to noon of the local time. Fifty per cent of measurements fall into a zone with the width N 2 2 N 1 % 12 nT. This zone symbatically varies with N 0 . The area into which 90% of measurements fall is asymmetric: at night (from 19.00 to 05.00 UTC) the lower bound of this area drops to lower magnetic fields, while in the afternoon (11.00-16.00 UTC) the upper bound rises. For instance, in the spring period at approximately 01.00 UTC, 50% of measurements fall into the range from N 1 ¼ -2 nT to N 2 ¼ þ9 nT 
Total field intensity in Hel
At Hel station in northern Poland the total magnetic field increased during 1998-2015 by 609 nT with a rate of 33.8 nT yr 21 . Gradient of the total magnetic field is equal to 2.30 nT km 21 and directed at an angle of 29.18 from the meridian to the NE. The plots of daily behaviour of N 0 , N 1 and N 2 for P ¼ 50% and 90% are shown in figure 7 . The most precise evaluation of the mean intensity can be obtained from measurements performed at 19.00-21.00 UTC (90% of measurements fall within a 17 nT range corresponding to a 7.5 km wide strip). The worst precision (30 nT or 13 km) is realized at 12.00-17.00 UTC. The southwest (SW) yearly shift of the isodynamic line amounts to 14.7 km.
Total field intensity in Chambon-la-Forêt
At Chambon-la-Forêt observatory in France, the total field increased with a mean rate of 26.7 nT yr 21 during the last 25 years. Gradient of the total magnetic field is equal to 2.76 nT km 21 and directed at an angle of 11.88 from the meridian to the northnortheast. The shift of the isodynamic line near CLF is about 9.6 km per year towards southsoutheast.
The most probable field value N 0 and range boundaries N 1 and N 2 of 50% and 90% field variation as functions of time of the day in the three periods are plotted in figure 8 . In spring, 50% of field measurements would be scattered within the range of 4-6 nT at night and up to 10 nT near noon, which would correspond to a strip of land not more than 3.5 km in width. In total, 90% of measurements would have variation from 13 nT at night to 26 nT in the daytime, corresponding to 5 and 10 km on land, respectively.
We note that in this region fluctuations of the geomagnetic field are much weaker than in northern Europe. A comparison of fluctuation densities at nighttime in spring in CLF, HLP and NUR is presented in figure 9 . One can see that fluctuations towards stronger fields are similar for all the observation sites, but the further south the site is, the smaller the fluctuations towards weaker fields are.
Discussion
Assumption on bird magnetic sensor precision
There exists only limited information about the possible precision of determination of magnetic intensity among different animals. For example, neurophysiological responses by birds to changes in intensity as small as 0.05-0.2 mT were reported [35, 36] .
In this work, two alternative assumptions were made about the precision of magnetic sensing of birds:
(1) Birds are able to measure the parameters of Earth's magnetic field with absolute precision, i.e. with insignificant error, like quantum magnetometers used in the rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20161002 observatories [37] . This is an idealized case, which leads to minimal uncertainty of position finding. (2) Birds are able to make measurements of total field intensity with a relative accuracy of 0.1% (i.e. about 50 nT), as suggested in [35, 36] .
Finding the position on the migration route
Let us consider navigation of a bird which has in its memory a map based on the geomagnetic field intensity (for instance, learned from previous journeys). This would mean that certain values of the field intensity would be interpreted by the bird as signals to take certain actions (e.g. changing flight direction, stopping over for refuelling or looking out for places for breeding or wintering). As follows from the analysis above, the uncertainty of geographical position finding from such a magnetic map would be different for different parts of the European route. If the magnetic sensor of migratory birds measures total intensity with absolute precision, then in northeastern Europe (Finland, northwest Russia) 50% of birds would determine their position within a strip of 5 km in width with respect to the average position of isodynamic line, and 90% of birds in a strip of 25-35 km in width, determined by fluctuation of the Earth's magnetic field. But the isodynamic line is not immobile during a day: its most probable position in the day time shifts to NE as far as 10 km with respect to the position at night. This is an additional source of uncertainty of the magnetic map. Variation of these parameters during a day is shown in figure 6 . If the precision of the bird's magnetometer is 50 nT, then the widths of the corresponding strips are 44 km and 65-80 km.
In the eastern Baltic region, the uncertainty would be less: with 90% confidence the coordinate along the maximum gradient (SW -NE) direction can be determined to 7.5 km. If the measurement precision is limited to 0.1% (50 nT), the width of the error strip increases by 43 km. The yearly shift of the isodynamic line is 13 km.
In southwestern Europe (central France), the uncertainty of position finding due to fluctuations is even smaller: 5 km with 90% confidence. With the measurement precision of rsif.royalsocietypublishing.org J. R. Soc. Interface 14: 20161002 0.1% (50 nT), the error strip increases by 36 km. The yearly shift of the isodynamic line is 9.6 km to southsoutheast.
Thus, the magnetic map is able to provide the precision of position finding on the European bird migration route within several tens of kilometres, which seems sufficient for longrange navigation. In Central and South Europe, provided absolute precision of field measurement and optimized timing of magnetic reckoning, it gives geographical position with the accuracy of several kilometres, which is arguably enough for further refining the position (e.g. for homing or finding breeding sites) using visual cues.
The regular shift of isodynamic lines (by 10-15 km per year in the modern epoch) means that a magnetic map older than 10 years would accumulate an error of over 100 km, which would render it nearly useless. It might be the main reason for learning the map by every generation of migrants anew and the lack of inherited maps, which is the view shared by most researchers of avian migration [19, 38] .
The largest uncertainty of position finding due to shorttime fluctuations occurs in NE Europe, where many regular migrants have their breeding grounds. In the next subsection, we consider the problem of return to the breeding site in NE Europe using magnetic navigation.
Site fidelity in northeast Europe
Experiments of the translocation of nestlings and fledglings of several migratory bird species from the birthplace to other remote regions demonstrated that yearlings return not to their birthplace but to sites they memorize during the imprinting period within their first summer (for review see [9] ). For example, pied flycatchers (Ficedula hypoleuca), long-distance migrants wintering in Central Africa and showing a high level of site fidelity ( philopatry), imprint their future breeding place at the age of 35-50 days [9] . The estimated period of imprinting in this species for the latitude of Nurmijärvi is the second part of August (calculated on the basis of median egg laying date for southwestern Finland [39] and southern Karelia [40] ). Spring migration of pied flycatchers in these regions is recorded mainly in the second ten days of May, but first birds may be seen from the very end of April [39, 40] . The possible periods of imprinting (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) and spring arrival (6-20 May) of pied flycatchers are included in the periods we analysed in this paper (July-August and April-May).
Consider the case of the most precise positioning of the birds returning to Nurmijärvi. The fluctuations of the magnetic field are minimal at 07.00 UTC both in spring and summer. The time interval between the period of imprinting in summer and arrival to breeding ground in spring is about 10 months. During this time, due to the yearly trend of field intensity the field increases by 27 nT, which corresponds to isodynamic line shift of 11 km to SW. This shift of isoline together with fluctuations lead to the distribution of returning migrants with centre at minus 10 km of the departure place (i.e. 10 km SW); 25% of birds would get into the area between 211.5 and 28.5 km, and 81% in the strip from 216 km to 24 km of their departure point. This means that most of the returning migrants would stay several kilometres SW of the departure site.
If migrating birds measure total field intensity at sunrise or sunset, the uncertainty increases with respect to the absolute minimum which occurs at 07.00 UTC. The birds are known to have an internal clock [41, 42] , so measuring the magnetic field at a certain time of day (e.g. at sunrise or sunset) is a realistic assumption.
During the periods of imprinting and spring arrival, sunrise and sunset in Nurmijärvi are close in time, night is very short. At sunset (table 1) the second deepest minimum of magnetic fluctuations is observed, while at sunrise the geomagnetic field is most unstable (figure 6). If a pied flycatcher measures the magnetic field with absolute accuracy at sunset, then 25% of birds would return in the strip of [212 . . . 28] km, and 81% in the strip of [223 . . . þ3] km with respect to the departure place.
If the measurements of field intensity are performed not with perfect accuracy, but rather with an error not exceeding 0.1% [35, 36] , uncertainty of position finding additionally increases. As a result, in spring 25% of birds would be able to return only within [234 . . . þ12] km of the place they imprinted the previous season. Thus migrating birds would need some other navigation system, intermediate between the large-scale geomagnetic map and the local landscape cues, to locate their goal to within several kilometres. One possibility is that they may use an olfactory map for this purpose [11, 43] .
Conclusion
We analysed regular and random variations of the geomagnetic field total intensity for three geomagnetic stations situated in northeast Europe (Nurmijärvi), east Baltic region (Hel) and central France (Chambon-la-Forêt) and used the results to estimate the applicability of this geophysical parameter as a basis for a magnetic map for birds migrating across the European continent. Total intensity gives one of two necessary coordinates for navigation. Our results show in principle the possibility of long-range magnetic navigation if the geomagnetic field is measured with a precision better than 0.1% at the optimal time of the day. Regular many-year trend of isodynamic geomagnetic lines creates insuperable problems for using inherited magnetic maps by inexperienced first-year migrants. So, every generation of migrants should learn magnetic map anew. Large random variations of the geomagnetic intensity in NE Europe limit the precision of finding the breeding site by migratory birds nesting in that region (as, for example, pied flycatchers) to several tens of kilometres, which suggests the necessity of another navigation mechanism to provide the observed breeding site fidelity of such species.
